The possibility of finding new medicines from natural sources is one of the most commonly cited reasons for preserving biodiversity. Further, the utilization of indigenous knowledge of medicinal plants increases the likelihood of discovering these hidden medicines. The main difficulty in using natural products as a source for pharmaceutical lead compounds lies in separating the plethora of compounds from the original extract. There is also a gamble with natural products in that the time and money invested in collecting the material and elucidating the active compounds may not yield any novel structures or compounds that can be used as pharmaceutical leads. \Vhile synthetic compounds have proven to be beneficial in the past, they are limited by structural simplicity and known modes of action. The production of novel medicines, particularly for cancer treatment and inhibition of antibiotic-resistant bacteria, now relies on the utilization of natural products. This paper provides a review of the current methods used in elucidating pharmaceutical lead compounds from natural sources, focusing on plant material in particular.
Introduction
Areas of high biodiversity including tropical rainforests are domains of chemical warfare. In the battle for survival, plants have developed many chemical defences to ward off attackers such as bacteria, insects, fungi, and in some cases mammals that may threaten the survival of a species. While not essential for growth, these secondary metabolites do promote the spread and dominance of a species in an ecological setting, and are therefore worth the energy expended by the plant to produce them [I] . It is the secondary metabolites of plants in biodiverse regions that invite the interest of pharmacologists seeking new lead compounds for medicines. Regions of biodiversity contain an even greater chemodiversity, and so harbour great potential for finding new compounds [2, 3] .
Plants have been used for medicinal purposes throughout human history, and the first pharmaceuticals (that is quantified doses of medicinal compounds as opposed to crude extracts of plant material) were derived from medicinal plants. An example of this is the isolation of salicin from the bark of the willow, Salix alba, which was used traditionally for pain and fever. Salicin was converted into the structurally simpler salicylic acid, and was later modified into aspirin to reduce side effects ( Figure I ) [ 4] . Comparatively recently; the ability of chemists to synthesize purely artificial medicinal compounds lead to the production of an abundance of new, effective medicines. However, as new diseases and drug-resistant strains of existing pathogens continue to emerge, the potential of wholly synthesized compounds with simple structures and known modes of action is starting to diminish. As such, attention is again being focused on natural sources for lead compounds, in which exists a wealth of more complex compound structures and novel modes of action [5] .
Figure 1: The conversion of salicin to salicylic acid and finally to aspirin [3) .
It is the potential discovery of cures for illnesses such as cancer and human immunodeficiency virus (HIV) that is often touted as the main reason for protecting biodiverse regions from destruction [6] . \Vhile this may well be the case, large pharmaceutical companies are reluctant to invest the money and time required in screening and isolating the active compounds from plants. The main reason for this is the difficulty in finding compounds that have potential as pharmaceuticals. With over 500 000 plant species on Earth, and each of these having different parts -for example flowers, leaves, bark and roots -consisting of different phytochemical composition, as wel1 as seasonal and geographical variations in the phytochemical composition of members of each species, the likelihood of finding the active plant part of a particular plant species from a random screening survey is fairly small [2, 5, 7] . The chances of this active compound being novel, and having a novel mode of action that is better than any product currently on the market, is even more remote.
Secondly, once a species with activity has been located, the process of separating out the different compounds within a plant extract can be difficult and time-consuming and may or may not produce a novel compound, let alone a novel compound that meets the criteria for a pharmaceutical lead compound.
Further, as is sometimes the case, the compounds within a plant extract may only be active when working in synergy with each other, and therefore will lose that activity when separated [8] .
Despite these hindrances, the chemodiversity amongst species in biodiverse regions is certainly worth the effort of investigation. In the United States alone more than half of the top !50 prescription medicines with an economic value of around $US80 billion -are derived from natural products, and there are still around 99% of plant species in tropical rainforests yet to be phytochemically investigated [9] . From a humanitarian perspective, 30 million people have died from infectious diseases in the past decade and a further 2 million people will die each year from tuberculosis alone [10] . Clearly a resource with many potential medicines for these types of illnesses is one that we cannot afford to lose. Efforts are being made to automate the process of isolating pharmaceutical compounds from natural sources, making them more accessible for investigation [I 1]. Since these methods are not yet widely used, this paper details the current methods employed to separate active compounds from the non-active compounds of plant material, following activity-guided fractionation.
Plant selection and screening
There are many problems produced by random screening of plants, including the selection of appropriate plant parts or sampling at the appropriate time of year for particular species. Incorrect sampling can result in many plant species being erroneously reported as not having activity against a particular illness [12] .
Since each new pharmaceutical lead compound that can be developed into a new medicine has been valued at approximately SUS449 million [21] , this oversight can undervalue the potential of biodiverse regions.
These problems can oft en be overcome by investigating those species that have been traditionally used as medicines for many generations [2] . Traditional medicines, including folklore remedies, have already undergone many rigorous tests to determine their safety and medicinal suitability, and as such have proven to be a reliable source of active compounds. Large-scale studies investigating the potential of medicinal plants have reported a high correlation between the traditional use of the plants and the presence of active compounds within the plant extract [13, 14] . Plants used traditionally as antiseptics, for example, have been found to inhibit the growth of many different species of bacteria [15, 16] .
Traditional knowledge includes details such as the season during which a particular plant species produces biologically active compounds, which part of the plant contains this biological activity, and the particular region in which a species is more active [12, 17, 18] . For example, it has been found that certain plant species growing at different altitudes develop differing phytochemistry, which can cause variations in biological activity [19] . Other invaluable information obtained from ethnobotanical leads involves the 'activation' of certain plant species when mixed together. Curare, for example, is a poison used for hunting by indigenous people of the Amazon basin in South America, and is obtained from mixing different plant materials together. Each separate component is inactive on its own [20] .
Screening the crude extract of medicinal plants determines the presence of biologically active compounds, and therefore confirms the use of such plants in traditional medicines [16] . Initial screening of plant extracts often involves antimicrobial testing -regardless of the use of the medicinal plant-since this testing is fast, ethical, and relatively inexpensive [22] . Antimicrobial screening involves simply exposing the target organism (bacteria, fungi, viruses, or cancerous cells) to the extracted plant material, and observing the presence or absence of growth after exposure. This is a useful technique that quickly assesses if the plant extract should undergo further investigation [22] .
The emergence of antibiotic-resistant bacteria, including methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE) [23] , and multi-drug-resistant tuberculosis in recent years, has lead to renewed interest in developing novel antibiotics. The continued devastation cause by the spread of HIV and various forms of cancer has also lead to intensive investigation into novel compounds from natural sources (24] . This investigation has afforded the anti-leukemia agents vinblastine and vincristine from the rosy periwinkle (Catharanthus roseus), the powerful anticancer agent taxol from the pacific yew (Taxus brevifolia) [5] , and promising results against HlV from many plant extracts including turmeric (Curcuma longa) and St. John's wort (Hypericum pe1joraturn) [7] . \Vhile antimicrobial testing is the most commonly used methods to assess the medicinal potential of plants, there are many other medicinal properties that are sought after. These include anti-malarial and anti-parasitic activity [25] , anti diarrhoeal activity (26] , and anti-inflammatory activity [27] .
Phytochemical investigation

Compound classes
While there are many millions of different compounds that can be found within the thousands of plant species worldwide, they can each be classified into a distinct class of compounds based on similar characteristics. The main classes of bioactive compounds from plants include flavonoids, terpenes, alkaloids, saponins, coumarins, and tannins [7] . Flavonoids are polyphenolic compounds that produce the flavour of fruits and vegetables and the pigment of flowers. The core structure consists of two benzene rings joined by a 3-carbon chain (Figure 2 ), which tends to be non-polar and therefore extracted with solvents such as chloroform [28] . Terpenes are also generally non�polar, though some members of this group can be extracted with solvents as polar as methanol and water. Their structure consists of repeating isoprene units with the smallest terpene having two isoprene units (C10H16). The most recognisable member of this group is the tetraterpene P-carotene (Figure 2) , which produces the orange colour of carrots. It is the terpenes that are responsible for the fragrance of essential oils [7] .
Alkaloids are the most commonly investigated group of plant compounds because they are highly active and are easily extracted from the plant material. Generally speaking, alkaloids are those compounds that consist of a heterocyclic ring with a nitrogen atom. They include caffeine, morphine, and nicotine ( Figure   2 ) (29] . Conversely, saponins have not been widely investigated because many have haemolytic properties.
Recently however, it has been shown that these effects are reduced at smaller concentrations. Triterpenoid saponins, found in dicotyledonous angiosperms, consist of an aglycone skeleton attached to a sugar moiety Coumarins are most abundant in grasses and have been found to have wide-ranging activity including antimicrobial, antiviral, anti thrombotic and anti-inflammatory activity. As such, they have been used as the basis for many pharmaceuticals including the oral anticoagulant warfarin. The relatively simple core structure of coumarins consists of fused benzene and a-pyrone rings (Figure 2 ), in contrast to the comparatively complex tallllins. These compounds are generally polymeric phenolic compounds with astringent properties [7] . Tannins are commonly present in the bark of higher plant species and can also be present in the leaves and fruit but in smaller quantities. They are very useful in wound healing since they are known for their antimicrobial properties
Activity-guided fractionation of plant compounds
The plethora of different compounds and different compound classes make separation and isolation of unknown active compounds from plant material a difficult task. Activity-guided fractionation is the most frequently cited technique for separating plant compounds and isolating only those that exhibit the desired activity [30, 32, 33) . It uses various techniques of high-performance liquid chromatography (HPLC)-piloted column chromatography for separating plant components (Table I) , as well as biological testing to detect the desired activity within each separated fraction.
The first stage of separating plant compounds comes with the selection of solvent used for the extraction.
Plant material extracted with water will only extract highly polar compounds such as tannins and saponins, while a less polar solvent, for instance chloroform, will extract more non-polar compounds such as flavonoids [7] . The selected solvent can therefore act as an initial stage of separation. Extraction of plant material with different solvents covering a range of polarities is a more thorough method of examining active compounds from traditional medicinal plants [34) .
After extraction, column separation of compounds usually begins with silica gel (230-400 mesh ASTM) [35, 36] . This is because this media is relatively inexpensive and effective for cmde separation of extracts.
Silica is a polar stationary phase that will allow the ready elution of non-polar compound classes, particularly the highly coloured terpenes. Strong polar compounds, those with hydroxy groups and those with amine groups will adhere to the silica and must be eluted with methanol. Fractionation is oft en visual and fractions are collected based on differing coloured bands that move through the column. As such, there is often much overlap of activity between fractions and the extent of this phytochemical overlap can be determined by HPLC analysis. Similarities of activity and HPLC profile can mean that two or more fractions can be recombined for the next stage of fractionation.
The active fractions from this preliminary column are then separated further using column chromatography.
For non-polar compounds, this often involves repeating the silica colunm [37, 38] , each run removing more and more of the non-active material. Polar compounds will adhere to the silica and therefore are separated more effectively with a reverse-phase C18 column [39] . This media is considerably more expensive than silica gel and therefore is not as frequently used for the crude separation of the plant extract. After initial separation by silica gel however, the fraction is much cleaner and consists of fewer non-active compounds that could potentially clog the column and reduce its potential for re-use. Cl8 media is made from silica gel and has long carbon chains (usually of 18 carbons in length for separation of plant material, hence the name) attached to the active sites. l11is reverses the polarity of the stationary phase and allows polar compounds to elute first. Detection of fractions is oft en achieved using a combination of visual cues and UV detection. Since polar compounds are often not coloured it is more difficult to determine visually when the first fractions begin to elute off the CIS column. 
Best for aqueous extracts, Excludmg acetone
An alternative for separating polar active compounds is the XAD-16 column [40] . This media is useful as an initial stage of separation for water extracts, particularly as a means for removing the extract from the water and dissolving it instead in a more stable methanol solution. This makes rotary evaporation of the extract much easier, allowing faster analysis of the extract. This is possible with the XAD media because the comparatively non-polar compounds of the water extract adhere to the column, while the water-soluble compounds, such as starch, elute off. The column can then be washed with methanol, which brings off compounds in a methanol solution. XAD resin is a non-ionic, hydrophobic, cross-linked polymer, which absorbs compounds into particular-sized pores. It is therefore useful for absorbing compounds with low to medium molecular weights.
Another method of separation involves the non-ionic Sephadex LH-20 gel [3 2,38,39,40], which -unlike silica gel or Cl8 -separates compounds based on molecular size rather than polarity. The porosity of this media allows large compounds to be eluted first, while smaller compounds wind their way through the pores and elute later. Medium sized compounds will fit into some pores of the polymer, and not others, so they take longer to elute than larger compounds. Separation of this type can be useful for removing any residual chlorophyll from the plant extract, which is othenvise often difficult to separate from the active compounds. Sephadex LH-20 gel is not nonnally utilized for crude extraction because it is much more expensive than silica gel and also because its porosity allows it to become clogged when separating anything other than more refined fractions. There may be some issues of fractions having overlapping HPLC profiles, and as such, analysis of biological activity and HPLC characteristics are required before assessing which fractions must be combined before the next stage of separation. Detection of fractions is achieved by UV detection, since there is little colour distinction from this method of separation.
As the fractionation process continues, the number of compounds in each fraction decreases. The initial extract contains thousands of compounds yet only a few of these may be active, so aft er many columns and activity screens, the fmal active fraction may consist of less than ten compounds. As the HPLC profile becomes cleaner, with fewer, more defined peaks, it becomes desirable to capture each peak from the HPLC chromatogram. This is possible using a preparative Cl8 column, which consists of a uniform 5�t particle size that is the same as that of the analytical HPLC column, only it allows for an injection volume approximately fifty times greater than the analytical scale [40] . Conditions such as the appropriate solvent system can be optimised on the HPLC, and these conditions can be used to run the preparative column.
This will produce a very similar chromatogram, which means that single peaks can be captured as fractions.
The single peaks can relate to individual compounds -providing that the solvent system has been optimised -and can therefore purify the active compounds as well as isolating them.
These stages of separation can be immensely time consuming and difficult since they deal with natural compounds of unknown structure and characteristics. It is the separation processes and the only slight probability of a promising end result despite all the work involved that acts as a deterrent for many phannaceutical companies to working with medicinal plants. Further complications arise from the characterisation of the purified active compounds.
Characterization of active compounds
Once purified, the struchue of the active compound can be elucidated using various programs of the nuclear magnetic resonance spectrometer (NMR) [36, 37, 38, 40] . The use of this instrument in structural elucidation is a major advantage since it alleviates the need to chemically degrade the active compound to determine its structure. Because of this, compound structures can be characterised using very small amounts of the compound, as little as I mg for large compounds with a 500 MHz NMR. One of the difficulties with elucidating the structure of an unknown natural compound is the possible complexity of that compound, which can on occasion, make the structure impossible to characterize, even with N1\.1R technology.
It is only once the compound has been characterized that it can be assessed in terms of its potential as a lead compound, and indeed if the compound is actually novel and worthy of further investigation. To be considered as a pharmaceutical lead, the active compound must have a reasonably simple structure so it can be synthesized, or have a novel mode of action that is much more efficient than current drugs. Other criteria includes having a high level of the desired activity (active down to low concentrations), and of course it must be a novel compound.
A pharmaceutical compound is created by altering the basic structure of the lead compound. These changes may make the compound more effective against the target organism, make the compound simpler, or reduce any side effects. The lead compound may also be fitted with hydrophobic or hydrophilic groups to enable more rapid transport around the body, but the core structure will still be that of the original compound. Since activity and mode of action are the most critical characteristics of the lead compound and because they are so intrinsica11y linked to the compound structure, accurate structural elucidation is a key factor in obtaining lead compounds from natural sources. Therefore, the structure as determined by the NMR spectra should be confirmed with mass spectrometry. This technique destroys the sample, but is necessary to further prove the NMR-determined structure by calculating the molecular mass of the sample.
Determination of the structure of the active compound is essential for assessing the potential as a lead compound, but involves a great deal more time and resources than the biological screening. For this reason, there are many medicinal plants yet to be properly assessed as potential sources of lead compounds. Efforts to automate the separation process will aid in the elucidation process and should lead to more interest and investment in utilizing plants as sources of pharmaceutical lead compounds.
Conclusions
The vast chemical diversity of plants in biodiverse regions is a promising source of novel lead compounds that is still relatively unexplored. The indigenous knowledge of traditional medicinal plants is a valuable tool for targeting potentially active species from the wealth of plants in these regions, which may be of great importance as new medicines. Though there are many difficulties involved in the current methods for isolating active compounds from plant material, the potential of this resource for pharmaceutical compounds is such that it should not be disregarded.
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